Pahoehoe lava flows are common in every basaltic province, and their submarine variants, pillow lavas and sheet flows, cover the bulk of the Earth. Pahoehoe flows are emplaced by inflation-the injection of molten lava underneath a solidified crust. Only in the past few years has an understanding of the inflation process and the ability to recognize ancient inflated lava flows been achieved. All large terrestrial basaltic flow fields studied to date, including flood basalts, were emplaced as thermally efficient, inflated, compound pahoehoe sheet flows. This leads us to propose that this is the standard way of emplacing large lavas (the SWELL hypothesis). The atmospheric impact of such flood basalt eruptions could have been protracted and severe, providing a plausible link between flood basalt eruptions and mass extinctions.
INTRODUCTION

The Importance of Pahoehoe
The most common rock type at the surface of the Earth, and on the other terrestrial planets, is basalt. Basaltic lavas come in two forms: aa and pahoehoe (from 81 0084-6597/98/0515-0081$08.00 the Hawaiian 'a'ā and pāhoehoe). Pahoehoe flows have often been thought of as small, slow-moving, inconsequential lavas. It is thus not surprising that the processes involved in the emplacement of large, fast-moving, channelized aa flows have received greater attention (see Kilburn & Luongo 1993 , Crisp & Baloga 1994 , Pinkerton & Wilson 1994 , and references therein). However, as in the fable of the tortoise and the hare, it is the slow but unrelenting pahoehoe lava flows that ultimately grow larger and longer than the spectacular but short-lived channelized rivers of lava that produce aa flows.
In terms of both areal coverage and total volume, pahoehoe flows dominate basaltic lavas in the subaerial and submarine environments on Earth. The most abundant type of lava, submarine pillows, is closely related to pahoehoe in their style of emplacement (e.g. Macdonald 1953 , Williams & McBirney 1979 . A compilation of the rather sparse information on intermediate length (50-100 km) and long (>100 km) lava flows on the Earth (Table 1) shows that pahoehoe is far more common in these larger flows. Several large extraterrestrial flows also seem to be pahoehoe (e.g. Theilig & Greeley 1986 , Bruno et al 1992 , Campbell & Campbell 1992 . The emplacement of pahoehoe flows is therefore a fundamental process in crustal formation on the Earth and the other terrestrial planetary bodies.
Recent Advances
Until the groundbreaking work of Hon et al (1994) , understanding of pahoehoe flows was largely qualitative, and there seemed to be no connection between the small pahoehoe lobes in Hawaii and the enormous pahoehoe sheets that make up large lava flows such as flood basalts. The understanding of this relationship came from recognizing the inflation process, which can convert 20-to 50-cmthick lobes into sheets many meters thick over a period of weeks. Inflation (also known as "endogenous growth" or the "lava rise" mechanism; Walker 1991) is the lifting of the upper surface and crust of a flow by the injection of additional liquid lava into the molten core of the flow. The word "inflation" was applied to pahoehoe flows as early as the 1950s (Macdonald 1953 ) and does not imply that the lifting is done by the gas phase. The formation of inflation features was described by Theilig (1986) and Walker (1991) , but the complete picture emerged only after the analysis of field measurements from actively inflating flows in 1988-1990 on Kilauea Volcano (Hon et al 1994) . This comprehensive understanding of how pahoehoe lava flows work provided by the active Kilauea lava flows has allowed decades of observations from around the world to be tied together into a single, self-consistent, field-tested theory.
Since the initial work of Hon and colleagues, other studies have expanded and refined their Kilauea results (e.g. Keszthelyi & Pieri 1993 , Chitwood 1994 , Thordarson 1995 . In this paper we review the results of the last few years of investigations on the emplacement of pahoehoe flows. The smooth, billowy, or ropey surfaces are only one of the intrinsic features of inflated pahoehoe flows; the internal distribution of vesicles, crystallinity, and joints are also diagnostic of the inflation process (Thordarson 1995 , Cashman & Kauahikaua 1997 . In fact, more quantitative constraints have been placed on the emplacement of pahoehoe flows using their internal structure than surface morphology. Perhaps the most startling result has been the idea that enormous continental flood basalt (CFB) lava flows were probably emplaced over one or more decades (Thordarson 1995 instead of the few days or weeks suggested by earlier models (Shaw & Swanson 1970) .
Overview
In the following, we first describe the formation of typical pahoehoe lava flows, starting with small features and ending with the product of an entire extended eruption. By recognizing and understanding the formation of different features within ancient pahoehoe flows, we can use those features as indicators that specific processes took place in past eruptions. We then try to demonstrate that inflated pahoehoe flows are common in every type of basaltic volcanic terrane. We end by showing that there is mounting evidence that large basaltic eruptions can cause major atmospheric perturbations and discuss their relationship to faunal mass extinctions.
THE FORMATION OF PAHOEHOE
Qualitative descriptions of the formation of pahoehoe lava flows are well summarized in earlier works such as Macdonald (1953) and Swanson (1973) . In this paper we concentrate on the more recent and more quantitative studies of the emplacement of pahoehoe flows via inflation. Many of the ideas we discuss were first introduced by Hon et al (1994) , though several papers using their concepts were published earlier (e.g. Mattox et al 1993 , Keszthelyi & Pieri 1993 , Chitwood 1994 . This section consists of broad generalizations from observations of pahoehoe flows from across the globe. Individual flows are discussed in the next section.
Small-Scale Surface Features
Pahoehoe flows are most often recognized by their distinctive millimeter-to decimeter-scale surface textures and features. While flowing, pahoehoe flows are characterized by a smooth continuous flexible skin of cooler lava. In the outermost millimeters, rapid quenching of the lava preserves stretched bubbles. Typically, 3-5 mm into the rind of a pahoehoe flow, microlites begin to crystallize and the bubbles are able to return to a spherical shape before solidification (Hon et al 1994) . Ropes and other small-scale features form when the flexible skin is deformed by the motion of the lava (Fink & Fletcher 1978) . The various forms of pahoehoe indicate different lava flow facies. Shelly pahoehoe is almost exclusively a near-vent phenomenon, and spiny, slabby, toothpaste, and sharkskin pahoehoe are lava types transitional to aa (e.g. Rowland & Walker 1987) . Although much qualitative information can be derived from these surface textures, more research is needed before we can extract quantitative constraints on eruption parameters.
Lobes
We call the smallest coherent package of lava a lobe. Different types of pahoehoe lobes have been distinguished on the basis of vesicle and crystal textures (Figure 1 ). Walker (1989) used the term S-type pahoehoe to describe lobes that were "spongy" with spherical vesicles distributed throughout but with higher concentrations toward the center. Wilmoth & Walker (1993) used the term P-type pahoehoe to designate lobes containing pipe vesicles. P-type flows typically have a dense interior and more vesicular exteriors, the exact opposite of S-type lobes. S-type lobes form with minimal inflation, whereas inflated lobes invariably have the basic characteristics of P-type lobes, even when they lack pipe vesicles.
Another informal terminology in Hawaii uses "silvery" and "blue-glassy" to separate two major classes of pahoehoe surfaces. The highly reflective surfaces of silvery lobes are caused by numerous stretched vesicles trapping a thin layer of air under a <1-mm-thick glass layer. Silvery lobes often correspond to the (a) Figure 1 Photographs of pahoehoe lobes on Kilauea, Hawaii. (a) Active pahoehoe toes on the Kupaianaha flow field in 1991. The 30-to 70-cm-wide lobes in the foreground are only 10-15 cm thick, but the surrounding few-minute-old lobes have already inflated to a >30-cm thickness. These lobes would be classified as "silvery" S-type lobes, though continued inflation could convert them to P-type lobes. This stage of inflation corresponds to Figure 2a. (b) Cross section through a 1996 blue-glassy lobe on the Puu Oo flow field. Note the ∼2-cm-thick, dark blue, dense, glassy rind and the large vesicles in the interior. This lobe fits the definitions of both P-type and S-type lobes: There are incipient pipe vesicles at the base, but the vesicles are distributed evenly, with the largest concentrated in the center of the lobe. Most S-type lobes have a more continuous distribution of vesicle sizes. (c) Cross section of the lower part of a 1-m-thick inflated P-type lobe in the ∼500-year-old Kane-nui-o-Hamo flow field. Note the 20-cm-thick vesicular lower crust with pipe vesicles overlain by the dense core of the flow (cf Figure 3) . vesicular, S-type lobes, but there are also flows with silvery vesicular flow tops and pipe vesicles at their bases.
Blue-glassy lobes ( Figure 1b ) are characterized by a dense glassy surface that often has a gun-metal blue sheen. While the outer 0.5-2 cm of blue-glassy flows are nearly devoid of vesicles, numerous large (1-10 cm) vesicles occur below this dense rind. In some cases, these large bubbles are able to rise through the ductile skin and blow delicate glass domes (Oze 1997) . Overall, there may be little difference in the total porosity of blue-glassy flows and the more common silvery lobes. Blue-glassy lobes emanate from the base of inflation features and first appear after 10-14 days of inflation at a temperature 5
• -10 • C cooler than adjacent silvery lobes (Keszthelyi 1996) . We hypothesize that blue-glassy lava spends about a week or two inside inflating lobes before breaking out onto the surface. During this time, the lava cools and the bubbles coalesce. This hypothesis is corroborated by a comparison of the petrographic textures of silvery and blue-glassy pahoehoe (Friedman et al 1996) but differs from the explanation suggested by Hon et al (1994) . Hon and colleagues suggested that the differences between blue-glassy and silvery lobes are caused by the ∼3 bars pressure within inflation features forcing the gas back into solution. The recognition of blueglassy surfaces in ancient terranes is important because it is a strong indicator of inflation occurring for at least two weeks during the emplacement of that flow. Typical advancing pahoehoe lobes in Hawaii and elsewhere are 20-50 cm thick, 20-300 cm wide, and 0.5-5 m long. This minimum thickness seems to be controlled by the stiffness of the bubble-laden lava. Typical S-type or silvery lobes are ∼50% bubbles, making them stiff foams, not Newtonian fluids. The bubble-poor part of blue-glassy flows can form lobes as thin as 2 cm.
Meter-scale pahoehoe lobes can coalesce laterally during inflation (Hon et al 1994) , producing sheets hundreds or even thousands of meters wide. Such immense sheets are also meters to tens of meters thick and range in length from hundreds of meters to perhaps as much as several tens of kilometers . The inflation of a lobe is a continuous process that can last days, months, or even years but can be divided into stages (Figure 2 ).
The duration of active inflation of an ancient inflated lobe can be estimated from the thickness of its vesicular upper crust. During inflation, a flux of fresh, bubble-laden lava is continually brought into the lobe (Figure 2b ,c). After stagnation, for typical basalt viscosities, the remaining bubbles should rise to the surface within days to weeks (Aubele et al 1988 , McMillan et al 1989 , Manga 1996 , leaving a dense core (Figures 2d and 3) . However, during the crystallization of this dense core, incompatible elements, including volatiles, concentrate in the residuum. Secondary vesiculation can cause this residuum to rise buoyantly as diapirs (Goff 1996 , Rogan et al 1996 . The residuum is often highly silicic, sometimes reaching rhyolitic compositions, and is more coarsely crystalline than the surrounding lava (Greenough & Dostal 1992 , Puffer & Horter 1993 . When these rising diapirs hit the base of the upper crust, they spread to form subhorizontal vesicle sheets (VSs) (Figure 2d ). These sheets are typically 1-5 cm thick, have knife-sharp boundaries, and have 10-cm scale irregularities reflecting the uneven topography of the base of the upper crust. The bubbles in these sheets of residuum have relatively uniform size, though they occasionally coalesce to form small diapirs rising into the mushy base of the upper crust. These diapirs are preserved as bell-jar-or half-moon-shaped mega-vesicles (Thordarson 1995 .
Vesicle sheets (VSs) are readily distinguished from the horizontal vesicular zones (VZs) that are often found within the upper crust (Figures 2 and 3 ). Unlike VSs, VZs are usually tens of centimeters to many meters thick and have gradational contacts with bubble sizes often grading downward toward larger bubbles and then back to small bubbles at the base (Thordarson 1995 . VZs form because of fluctuations of pressure and/or flux during active inflation (Hon et al 1994 , Cashman & Kauahikaua 1997 , whereas VSs form only after the flow has stagnated and is no longer inflating. As shown in Figure 3 , the depth between the lowermost VZ and the uppermost VS marks the base of the upper crust when inflation ended (Thordarson 1995 . The empirical cooling model of Hon et al (1994) permits estimation of the time required to grow this crust via the equation
where t is the time in hours and H is the thickness of the upper crust in meters. The Hon et al cooling model can marginally overestimate cooling rates and thus underestimate the emplacement duration. Three factors cause excessive cooling: 1. Their lava flow data rely heavily on the depth of cracks, but cracks cause locally enhanced cooling; 2. the fit is largely controlled by the data from the stagnant Makaopuhi lava lake, but the flux of fresh, hot lava into an inflating sheet should reduce the rate of crust growth; and 3. all the data come from the East Rift Zone of Kilauea, which is subjected to as much as 7.5 m of rain per year, something few lava flows elsewhere in the world have to contend with. These three factors probably explain why using the Hon et al (1994) cooling model underestimates the inflation duration of the Laki eruption by up to a factor of two (Thordarson & Self 1997a) . While this technique can slightly underestimate the emplacement duration of an inflated lobe, currently it is the only quantitative method of estimating the duration of active emplacement of ancient lava flows.
The formation of the lower crust is less well understood. Based on simple conductive cooling models, Hon et al (1994) suggested that the lower crust grows at two thirds the rate of the upper crust and that the thickness of the liquid core remains constant during inflation. However, direct measurements of the cooling at the base of pahoehoe lobes show that the cooling is much slower than predicted by any simple conductive cooling model (Keszthelyi 1995a) . Also, vesicle cylinders form near the base of flows that have thick upper vesicular crusts. Like horizontal vesicle sheets, vesicle cylinders are formed by diapiric rise of low density residuum (Goff 1996) (Hon et al 1994) . These bubbles are trapped to form a horizontal vesicular zone. Buoyant, vesicular silicic residuum (R) that rises from the lower crystallization front is disrupted and mixed into the flowing lava. Pipe vesicles (P) grow in the lower crystallization front. Some cracks in the upper crust become major clefts that reach the visco-elastic layer. (d ) Flow stagnates. The remaining primary bubbles rise to the top of the flow in a few days to weeks. The vesicular residuum (R) is able to rise through the stagnant lava, forming horizontal vesicular sheets at the base of the upper crust. Cooling is enhanced around deep clefts. Note the complex planform of a typical compound pahoehoe sheet flow. Annu. Rev. Earth Planet. Sci. 1998.26:81-110 Figure 3 Idealized cartoon of the cross section through an inflated pahoehoe lobe. The lobe is divided into three sections on the basis of vesicle structures, jointing, and crystal texture. The upper crust makes up 40-60% of the lobe and the lower crust is 20-100 cm thick, irrespective of the total lobe thickness. Upper crust: Vesicular, often with discrete horizontal vesicular zones (VZs) that form during active inflation (see Figure 2c ). Bubble size increases with depth. Prismatic or irregular jointing, sometimes equivalent to the entablature in thick lava flows. Petrographic texture ranges from hypohyaline to hypocrystalline (90-10% glass). Core: Very few vesicles. Porosity is dominated by diktytaxitic voids. Vesicles are mostly in the silicic residuum, which forms vesicle cylinders (VCs) and vesicle sheets (VSs). Holocrystalline (<10% glass). record the upper limit of the lower crust at the time inflation stopped (Figure 3) . In lobes >10 m thick, our field observations suggest that the lower crust grows 5-10 times slower than the upper crust. More detailed thermal models are being constructed to test if the lower crust in these large flows reaches an equilibrium between crustal growth and thermal erosion.
Flows and Flow Fields
While the detailed examination of a single lobe provides some useful information, one needs to examine entire flows and flow fields in order to understand the products of an entire eruption. "Flows" are the product of a single outpouring of lava, but most eruptions that cover a large area with pahoehoe have many separate outpourings and form "flow fields." Distinguishing lobes, flows, and flow fields is often very difficult in the field, but it is essential if one is determined to understand the eruption as a whole. The distinction between lobes and flows can be blurred in large sheet lobes. Such lobes have sometimes been called "simple flows," in contrast to "compound flows" composed of many similar-sized lobes (Walker 1971) . However, every "simple" flow we have examined is technically compound, though the other lobes within the flow may be much smaller than the main sheet or may be juxtaposed laterally rather than vertically. The morphology of individual flows is controlled by many parameters and is still not understood quantitatively. However, our observations suggest that relatively rapid, continuous emplacement over smooth surfaces with shallow slopes favors the production of flows dominated by sheet-like lobes (i.e. "sheet flows"). Conversely, relatively slow, discontinuous emplacement over a rough surface on steeper slopes favors the production of "hummocky" flows with many discrete tumuli (Figures 4 and 5) . During inflation, the surface topography often becomes inverted; high areas in the underlying topography become inflation pits while low areas become tumuli ( Figure 6 ). Distinguishing inflation pits from collapse pits or skylights can be challenging but is important in deciphering the emplacement history of a flow. This is most reliably done by searching for horizontal clefts that form during inflation ( Figure 6 ) but not during collapse.
The distribution and morphology of the pathways feeding molten lava through a sheet flow and a hummocky flow must differ significantly (Figure 7) . A sheet flow by definition has a continuous body of liquid lava across the entire width of the flow. In contrast, the pathways within a hummocky flow should have many dead ends (ending in tumuli) and areas in which the lava cannot flow (inflation pits). As the flow cools and solidifies with time, discrete lava tubes form in a hummocky flow. It is common for sheet flows to stagnate long before cooling leads to the formation of cylindrical lava tubes. However, if a sheet flow remains active for a long time (i.e. long enough for parts of the sheet to freeze shut), irregularities in the thickness of the crust will lead to concentration of the flow into narrow pathways. This can lead either to the production of a single long tumulus over a lava tube or to a hummocky flow, depending on how irregular the cooling is. Thus larger, thicker pahoehoe flows are more likely to be sheet-like, whereas thinner flows are more likely to become hummocky. This is illustrated by the prevalence of thick sheet lobes in flood basalt provinces, while Kilauea has many hummocky pahoehoe flows.
In a simplistic model of basaltic volcanism, each eruption should feed a single flow. However, long-lived eruptions are usually broken into distinct episodes by pauses and migrations of the vent (e.g. Heliker & Wright 1991 , Thorarsdon & Self 1993 . Even if effusion resumes at the same vent as before, the lava transport system can collapse during pauses and the new lava can be forced to build a new flow (Mattox et al 1993) . The new pahoehoe flow front will only be 20-50 cm thick and can be initially diverted around earlier inflated flows ( Figure 7 ). For the largest pahoehoe flows, there is time for some erosion or sediment deposition to occur before a new flow is able to overtop the older lava. These processes, and chemical changes in the erupted lava during a long-lived eruption, can make mapping out individual lobes, flows, and/or flow fields very difficult. It is a remarkable testimony to decades of work that this has been accomplished in at least parts of the Columbia River Basalts Group (CRBG) (Tolan et al 1989; and references therein). The vents for the pahoehoe flows we have seen are rather unremarkable constructs. This is largely because the lava transport system from the vent to the flow front is very efficient and little lava accumulates near the vent. The vent deposits associated with pahoehoe flows can be generally divided into those formed during short-lived fissures and those formed from longer-lived lava ponds. Most basaltic eruptions begin with the opening of a fissure and fountaining along its length, which builds up spatter ramparts and scoria fields. Long fissures are thermally inefficient and historically have broken down into point sources in a matter of hours to days. Scoria and spatter cones and lava ponds commonly form over these point sources. If the eruption continues, an efficient connection between the subsurface plumbing and the lava transport system forms, and lava can be erupted without ever being exposed directly to the surface. Long-lived pahoehoe flows are typically fed from lava ponds on broad shields built up by pond overflows and short flows.
During eruptions that last months or years, it is also quite common for the vent to migrate by opening up new fissures and building new ponds. Attempting to decipher whether a series of vents is the product of a single eruption, a multiepisode eruption, or the products of totally different eruptions can be very difficult.
EXAMPLES
In this section we present the evidence that inflated pahoehoe flows, formed in the manner described in the previous section, are ubiquitous and constitute the largest lava flows on Earth.
Hawaii
The mid-plate hot spot volcanism in Hawaii is the birthplace of the term pahoehoe. It covers 86% of Kilauea Volcano (Holcomb 1987) . Mauna Loa, with its steeper slopes and higher average eruption rates, has roughly equal amounts of pahoehoe and aa (Lockwood & Lipman 1987) . The current eruption of Kilauea has produced mostly pahoehoe for the last 11 years from two separate vents: Kupaianaha from 1986-1992 and Pu'u'O'o from 1992 until this writing (Heliker & Wright 1991 , Heliker et al 1997 . Such long-lived rift-zone eruptions may not be exceptional: Mauna Ulu produced mostly pahoehoe from 1969-1974 (Tilling et al 1987) , and the Kane-nui-o-Hamo shield may have fed pahoehoe flows for 50 years (JP Lockwood, personal communication). One of the longest (in terms of both length and duration) historical lava flows on Mauna Loa is the pahoehoe phase of the 51-km-and ∼300-day-long 1859 flow (Rowland & Walker 1990 ). As noted before, many pahoehoe flow fields on Hawaii are hummocky, with sheet flows largely confined to the very shallow slopes (<1
• ) of the coastal flats (Hon et al 1994) .
Iceland
Pahoehoe flows are also common at the confluence of hot spot and mid-ocean ridge volcanism in Iceland. Many examples of excellent hummocky flows with fields of tumuli occur (e.g. Rossi & Gudmundsson 1996) as well as larger inflation ridges (also called "festoon ridges") (Theilig & Greeley 1986 ). Iceland possesses several large recent flow fields such as the 65-km-long 1783-1784 Laki flow field (Thordarson & Self 1993), the >70-km-long 934 AD Eldgja flows (Miller et al 1996) , and the >140-km-long, 8500-year-old Thjorsa flows (Hjartarson 1988). These three flow fields each have volumes of 15-20 km 3 and are dominantly pahoehoe, with significant fractions of slabby pahoehoe and aa (∼30% in the case of Laki). The proportion of aa diminishes in the longer flows. The internal structures within lobes of these flow fields are identical to those of other inflated pahoehoe lobes (Figure 7 ).
While details of the emplacement of the Eldja and Thjorsa flow fields are not recorded, the Laki eruption was well documented (Thordarson & Self 1993 and references therein). The eruption lasted from the 8th of June, 1783, until February 7th, 1784; however, 90% of the lava volume was erupted in the first 5 months, and peak eruption rates reached 4000 m 3 /s. The 27-km-long vent system consisted of 10 en-echelon fissure segments ranging in length from 1.6-5.1 km. For a few days, parts of 3 fissure segments, with a total length of ∼10 km, were active simultaneously, but the segments were mostly active separately. The Eldja flow is also thought to have erupted over about a year, but its fissure system was 75 km long.
Western United States
Pahoehoe flows are also common in areas of crustal extension. The Basin and Range province is littered with small basaltic lava flows, most of which are inflated hummocky pahoehoe flows fed from scoria cones (e.g. the Amboy and Pisgah flow fields in the Mojave Desert, California). Basaltic flow fields with abundant inflated pahoehoe can be found across the Colorado Plateau (e.g. the McCarthy's flow field, New Mexico). The Taos volcanic field and the Potrillo maar field (which includes the famous Kilburn Hole) in the Rio Grande Rift also contain many pahoehoe sheet flows. The longest preserved Quaternary flow field in the United States is the 75-km-long, ∼2000-year-old Carrizozo flow field, which is also within the Rio Grande Rift. It is exclusively pahoehoe, with some patches of slabby pahoehoe. The flow is a cross between hummocky and sheet flows; the surface is covered with flat-topped tumuli many meters tall and hundreds of meters in lateral dimensions, punctured by inflation pits tens of meters in diameter. While no drained lava tube has been found, a series of long tumuli appear to mark the tube's location for part of the flow field's length. Initial estimates of the emplacement duration, based on the pahoehoe nature of the lava surface, are on the order of 20 years (Keszthelyi & Pieri 1993) .
Classic inflation features are also present throughout the Snake River Plain basalts of Idaho. This area is the type example of plains volcanism, a style of volcanism intermediate between shield volcanoes and flood basalts (Greeley & King 1977) . Lava tubes, tumuli, inflation ridges, and inflation pits are exhibited in the Craters of the Moon National Park.
Australia
The Cenozoic volcanic region of Eastern Australia is dotted with large volcanic provinces, each of which is dominated by pahoehoe flow fields. The 160-km-long, ∼200,000-year-old Undara flow of the McBride province and the 120-km-long, ∼15,000-year-old Toomba flow of the Nulla province in North Queensland challenge Iceland for the title of the longest Holocene lava flows on Earth (Stephenson & Griffin 1976) . These flows average 10-15 m thick and have volumes of 10-30 km 3 . Their surfaces are dominantly pahoehoe, with minor amounts of slabby pahoehoe and no reported patches of aa. The initial flow surfaces have been inflated, forming spectacular tumuli, inflation ridges, inflation pits, and sheet flows (Stephenson et al 1996) . The lava tubes in the Undara flow field in particular are world renowned (Atkinson & Atkinson 1995) . These flow fields are fed from small (∼100 m tall) scoria cones. Similar flows exist throughout the Victoria basaltic province in southeastern Australia, with inflated, compound tube-fed pahoehoe flows up to 60 km long (Joyce & Sutalo 1996) .
Continental Flood Basalts
The largest terrestrial lava flows are within continental flood basalt (CFB) provinces. The 17.5-to 6.0-Ma, ∼174,000-km 3 Columbia River Basalts Group (CRBG) are the most recent and best studied of the flood basalt provinces (e.g. Waters 1961 , Hooper 1982 , Tolan et al 1989 . While the emplacement of the CRBG took over 11 million years, ∼85% of its volume (the Grande Ronde Formation) was erupted in 1 Ma or less (Tolan et al 1989) and ∼50% of the total volume was erupted in about 300,000 years around 15.8 Ma (Baksi 1989) . The province as a whole is built up of about 300 geochemically separate lava flows, most ranging in volume from a few hundred to 3,000 km 3 , with lengths up to 600 km (Tolan et al 1989) . Pahoehoe surfaces are common throughout the CRBG, whereas aa flows are mostly confined to what is thought to be the near-vent regions of the province (Swanson & Wright 1980) . Inflation features in the CRBG range from tumuli of the same scale as those common in Hawaii up to sheet lobes many tens of meters thick and kilometers in lateral dimensions (Thordarson 1995 . No cylindrical lava tubes have been found in the CRBG, but this is to be expected because on such shallow slopes the tubes are sheet-like and do not drain. Although the scale of many CRBG sheet lobes is huge when compared to Hawaiian examples, the similarity of the internal structures and surface features clearly indicates that the same process, inflation, created both (Figure 7) . The CRBG also exhibits examples of topographic inversion and inflation pits. Some of the large inflation pits have been mistaken for spiracles (features formed by steam from heated groundwater blasting through a flow).
While ample evidence exists that most CRBG lava flows were emplaced as inflated pahoehoe sheet flows, few outcrops look exactly like the cartoon in Figure 3 . In many areas, flow lobes interleave, which greatly complicates the picture. Some large flows have slabby pahoehoe to rubbly flow tops, and a few thick aa flows occur far from any known vents. Pillow basalts and related hyaloclastites are also common throughout the province.
Many dozens of separate outcrops must be carefully examined before confident conclusions can be drawn about any eruption. To date, this has been done adequately for only the ∼14.7-Ma, 1300-km 3 Roza Member of the CRBG, one of the best-exposed flow fields of the entire province (e.g. Swanson et al 1975 , Martin 1989 , Thordarson 1995 ). An exhaustive examination of the available outcrops showed that the flow field consists of five separate flows (Martin 1989) and is completely dominated by inflated pahoehoe flows, which are hummocky on a scale of a few tens of meters in some areas and in other areas are covered with sheet lobes that are kilometers in lateral extent (Thordarson 1995 .
The duration of active inflation of each lobe at each outcrop can be estimated from the thickness of its upper vesicular crust. While it is possible that more than one of the five distinct flows within the Roza flow field were active at any given time, to us it seems implausible for two thick sheet flows to be inflating simultaneously at one location. Thus the durations at any one outcrop can be summed, assuming that no time passed between the stagnation of one lobe and the initial emplacement of the second. For example, an outcrop at Summer Falls, Washington, has three Roza sheet lobes that we estimate to have been active for 6.8, 11, and >9 months (oldest to youngest). Thus this one outcrop shows that the Roza eruption fed this location for well over 2 years. An outcrop at Horton Grade, Washington, preserves evidence for 6.4 years of activity during the emplacement of two of the five Roza flows. Thus we conservatively estimate that the entire Roza flow field took on the order of a decade to be emplaced (Thordarson 1995 .
Dividing the total volume of the Roza Member by 10 years leads to an average volumetric effusion rate of ∼4000 m 3 /s, which is similar to the peak Laki eruption rate. Although we believe that the Roza eruption lasted about a decade, it is important to note that individual packages of lava do not take that long to reach the flow front. Calculated flow velocities in the Roza sheets are approximately 0.2-0.4 m/s, allowing lava to travel 300 km from the vent in less than 17 days . Some previous workers have confused the time for lava to travel from the vent to the distal end of the flow with the time required to emplace the entire flow field. The compound nature of pahoehoe flow fields and the inflation process confound such simplistic estimates of eruption duration from flow velocity.
The detailed stratigraphy and mapping of other flood basalt provinces is incomplete. However, the limited data do suggest that they are dominated by inflated pahoehoe sheet flows. The Deccan Traps in India are largely pahoehoe with minor amounts of aa; small pahoehoe lobes, ropy surfaces, tumuli, and inflated sheets are common (Agashe & Gupte 1971 , Phadke & Sukhtankar 1971 , Walker 1971 , Kale & Kulkarni 1992 . Even less is known about the morphology of the lavas in more ancient flood basalt provinces, but the Parana, Karoo, and Keweenawan provinces also exhibit features of classic inflated pahoehoe flows (A Duncan, personal communication, 1995; M Rampino, personal communication, 1997) . (See Figure 8 .)
The vast tracts of Archean komatiite flows might also be considered flood "basalts." Komatiites were originally thought to typify rapidly emplaced turbulent lava flows (e.g. Huppert et al 1984) , but more recent studies suggest that they may have been emplaced as inflated tube-fed pahoehoe sheet flows that reached thicknesses up to 500 m (Hill & Perring 1997) . Identifying inflation features is difficult in these ancient altered and deformed terranes, so much has to be inferred from the petrographic textures within the flows.
Submarine Lavas
The ocean floor is mostly covered with pillow basalts, which are closely related to pahoehoe flows in both their morphology and style of emplacement. Detailed knowledge of seafloor lava flows is in its infancy, but evidence is steadily emerging for the same inflation process common in subaerial pahoehoe acting in the submarine environment (e.g. Ballard et al 1979 , Applegate & Embley 1992 , Gregg & Chadwick 1996 . Most documented submarine eruptions form small flow fields that extend only a few kilometers from the vents, but a few larger flow fields are known (Davies 1982 , Macdonald et al 1989 . Perhaps the largest submarine flow field known is on the Hawaiian arch where ∼25,000 km 2 is covered with thick, sheet-like flows reaching 100 km to either side of the likely vent areas (Clague et al 1990) .
Other Localities
Mount Etna is dominantly aa but has several large pahoehoe flow fields. In fact, the longest lived historic eruption of Mount Etna (the 1614-1624 eruption) produced 36 km 2 of tube-fed hummocky pahoehoe. Some of the tumuli on this flow field are about a kilometer in diameter, large enough to be named "mounts" of their own (Chester et al 1985) .
Pahoehoe flows are also common on composite volcanoes such as Mount St. Helens, which contains the well-visited Ape Cave lava tube within an inflated pahoehoe flow. Other inflated pahoehoe flows in the Cascades were described by Chitwood (1994) .
EFFECTS OF LARGE VOLUME PAHOEHOE ERUPTIONS
Atmospheric Impact of Pahoehoe Lava Eruptions
One of the major reasons large basaltic eruptions are worthy of study is their impact on our atmosphere. Among common magmas, basalts have the greatest potential for dissolved sulfur concentration (Haughton et al 1974) and emission of SO 2 or H 2 S during eruption . Atmospheric emissions have been estimated by various methods for two historic pahoehoe lava eruptions. The first is the ongoing Kilauea eruption, presently into its fourteenth year of quasi-continuous emission, on average emitting ∼2000 tons of SO 2 per day (Elias et al 1993) . This SO 2 forms sulfate aerosols in the lower 2-5 km of the troposphere, and an aerosol plume is blown around the island of Hawaii, occasionally reaching other islands in the Hawaiian chain. This "vog" (volcanic fog) causes significant eye and respiratory irritation in the population of the state of Hawaii but does not have more far-reaching effects.
The other example is the 1783 Laki eruption, which emitted as much as 1.7 megatons (Mt) of SO 2 per day in the early weeks of this eight-monthlong eruption . For each of its first three months, this spectacular eruption released as much SO 2 as in the entire 1991 Mount Pinatubo eruption, the second largest eruption of the twentieth century. About 70% of the amount of degassed volatiles was released at the Laki vents in fire fountains; the other 30% issued from the lava during flowage. This led to two acid aerosol clouds, one near the surface and the other at 5-to 10-km altitudes. Very large amounts of HCl and HF were also generated by the eruption plume, the latter causing the most damage to livestock and triggering the ensuing deadly famine in Iceland. The Laki aerosols created a thick haze (or dry fog) that persisted over Europe and into Asia for about three to four months (Stothers 1996) .
The Laki eruption column could reach the stratosphere and affect widespread areas because the tropopause over Iceland is low (∼10 km) and the eruption column exceeded this height during much of the first few months of activity. With a total SO 2 release of >120 Mt, Laki generated an estimated stratospheric aerosol load of 250 Mt, resulting in a short-lived total column optical depth (at 0.55 microns) in the high latitudes of the northern hemisphere of up to 2.0 (Stothers 1996) , compared to a maximum of 0.2 for Mount Pinatubo aerosols (McCormick et al 1995) . Sulfate aerosols remaining in the stratosphere perhaps led to the two years of abnormally low temperatures and poor weather in the Northern Hemisphere (e.g. Wood 1992 , Fiacco et al 1994 , Thordarson & Self 1997b .
Considering the effect of the Laki eruption, what effect could flood basalt eruptions have had on the atmosphere and climate? The Roza flow of the Columbia River Basalts Group (CRBG), with its well-preserved glassy lava and dike selvages, was our first target for detailed study. Samples were collected from the dike, near vent pyroclastics, and various distances along the lava flow field. Using standard petrologic techniques to estimate the pre-and post-eruption volatile (S, Cl, F) contents of the glass in inclusions trapped in phenocrysts and the degassed glassy lava matrix (Thordarson & Self 1996 and references therein), we estimate that, similar to Laki, ∼77% of the volatile release of the Roza eruption took place in fire fountains at the vents and the remaining ∼23% escaped from the flowing lava. This should have formed a two-level aerosol cloud. The estimated total release of >12,000 Mt SO 2 (and smaller amounts of HCl and HF) is stupendous. However, the atmospheric and climatic impact also depends on the duration, altitude, and variability of this SO 2 release. If the Roza eruption lasted for about 10 years, the annual H 2 SO 4 aerosol release would have been on the order of 900 Mt, roughly four times the total Laki release. One can only conjecture at the environmental devastation caused by the acid haze and rain and at other climatic effects of aerosols from such an immense, sustained volatile release.
Relationship Between Flood Basalts and Mass Extinctions?
While there now seems to be incontrovertible evidence for a large 64.5-Ma impact with devastating effects on global biota at Chixulub at the CretaceousTertiary (K/T) boundary (e.g. Sharpton et al 1996 , Pierazzo 1997 , Toon et al 1997 , there is also an apparent coincidence between the geological ages of mass extinctions and those of the formation of flood basalt provinces (Rampino & Stothers 1988 , Rampino & Caldeira 1992 , Stothers 1993 , Courtillot 1994 , Rampino & Haggerty 1997 . Apparently, for at least the past 300 Ma, long periods of geological time have passed without the occurrence of either phenomenon and then, simultaneously to within the resolution of dating, flood basalt volcanism flared up and a major extinction occurred. While there are both extinctions unaccompanied by flood basalt episodes and vice versa in the past 300 Ma, the fact that at least 60% of the major extinctions is reported to have synchronous continental flood basalt (CFB) eruptions cannot be ignored.
The Deccan Traps flood basalt province contains some 2 × 10 6 km 3 of basaltic lava and is one of the great large igneous provinces (LIPs; Coffin & Eldholm 1994) . The consensus of age dating shows that the Deccan lavas were erupted between 68 and 65 Ma with peak volume production lasting possibly <1 Ma, somewhere between 67 and 65 Ma (Vandamme et al 1991 , Venkatesan et al 1993 , Baksi 1994 , and that the Chixulub impact occurred near the end of Deccan volcanism (McWilliams et al 1992) . This raises the unresolved questions of when species died off relative to the ages of the Deccan lava flows and the Chixulub impact (Jablonski 1997 ) and whether flood basalt volcanism can be linked with mass extinctions.
We can try to address the latter question. The only plausible mechanism by which flood basalt eruptions can cause widespread, deleterious impact on biota is by release of volatiles into the atmosphere. It seems reasonable to assume that many flood basalt eruptions could have degassed similar amounts of noxious volatiles as the Roza eruption. The climatic effects of maintaining elevated levels of sulfate aerosols in the middle troposphere and lower stratosphere for a decade or more are currently not quantified (Bekki et al 1996) but must have been severe.
Even if the effects were global and severe, it is unclear whether flood basalt volcanism alone could cause mass extinctions. Certainly, individual flood lava events lasting even decades are unlikely to have had such an extreme effect, but, as typified by the CRBG, flood basalt provinces are composed of hundreds of such eruptions. However, even during the period of peak output, individual eruptions would have average recurrence intervals of 5,000-10,000 years, which may have given the environment sufficient time to recover between eruptions. The most reasonable statement, given our current knowledge, is that a CFB eruption probably could not cause a mass extinction alone, but a series of them during the development of a whole CFB province would have been able to stress the environment to such an extent that any other major perturbation would have had a more extreme effect.
Also noteworthy of consideration are the possible effects of effusion of huge volumes of lava under the oceans, such as in the Ontong Java plateau, and their potential effect on the marine environment (Coffin & Eldholm 1994 ). Before we can go any further with such speculations on this important and tantalizing topic, we need to know the following about major flood basalt eruptions and provinces: (a) the amounts of volatile species liberated in individual eruptions and (b) the style and duration of effusion. If the flows are inflated pahoehoe lobes, we should be able to estimate the latter. Obtaining data for the former will be difficult owing to poor preservation of the glassy portions of the lava in the older, larger flood basalt provinces.
THE SWELL HYPOTHESIS
Long, large volume basaltic lava flows share a remarkable commonality irrespective of geography, geologic setting, and age: They are all pahoehoe sheet flows. This leads us to propose the SWELL hypothesis, which states that the Standard Way of Emplacing Large Lavas is as inflated, compound pahoehoe sheet flows. While we anticipate evidence for large volume flows that do not fit the SWELL hypothesis, the available data from Earth are entirely consistent with this suggestion.
The identification of pahoehoe sheets in most ancient long lava flows would not be possible without recent advances that allow identification from partial outcrops. The recognition that a given lava lobe consists of a vesicular upper crust with a moderately orderly distribution of spherical vesicles, dense core, and a thin vesicular basal crust is sufficient to confidently identify the lava as an inflated pahoehoe lobe. The reasoning is so simple that it is sometimes met with skepticism: The presence of an upper zone with spherical vesicles and the absence of rubbly flow tops and/or flow bases indicate that the flow is pahoehoe, not aa (Macdonald 1953) . The formation of a dense core (i.e. a P-type lobe as opposed to an S-type lobe) is clear evidence for inflation. Thus the lobe must be inflated pahoehoe, emplaced in the manner described above.
One obvious complication is the need to distinguish rapidly emplaced ponded flows from inflated flows. This can be done by comparing the thickness of the upper vesicular crust to the total thickness of the flow. For inflated pahoehoe flows, the upper vesicular crust almost invariably comprises 40-60% of the total flow thickness . In contrast, the upper vesicular crust of lava lakes, which is analogous to that of ponded flows, is much thinner: <30% of the 14-m-thick Alae lava lake (Peck 1978) , <6% of the 83-m-thick Makaopuhi lava lake (Wright & Okamura 1977) , and <8% of the 140-m-thick Kilauea Iki lava lake (Mangan & Helz 1986) . This is because it takes only a few weeks for the bubbles to rise to the top of a stagnant lava lake or ponded flow (e.g. McMillan et al 1989) , and the upper crust of such a ponded flow will have grown to no more than a few meters thick at that point. Thus, in the case of large sheet lobes (which are typically 15-30 m thick), a vesicular upper crust thicker than 5-6 m is a strong indicator that the lobe was inflated, not ponded.
Inflated pahoehoe flows can attain their great size because they are extremely thermally efficient. The thick, stationary crust on top of inflated pahoehoe flows 
